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Introduction
Histamine released by mast cells plays an important role in immediate hypersensitivity reactions and in other inflammatory processes (reviewed in 48). Several lines of evidence, including differential centrifugation (17,26), biochemical determinations (2,48), and autoradiographic (3) or immunohistochemical (23,36,45) studies, indicate that histamine, a 111 dalton monoamine (I), is associated with mast cell secretory granules. However, the fine structural localization of histamine in the mast cell has not previously been analyzed by immunoelectron microscopy.
In this communication we use a post-em bedding immunogold approach to demonstrate the fine-structural localization of histamine in the granules of unstimulated rat peritoneal mast cells that were fxed either by standard aldehyde fmtion or by a microwave-aldehyde fixation method (30,32).
Materials and Methods
Animals. Retired breeder rats (CD males, virus free, -300 g) (Charles River Breeding Laboratories; Wilmington, MA) were anesthetized in a carbon dioxide chamber and were exsanguinated by severing the carotid artery. Rats were handled according to the guidelines followed by the Beth Israel Hospital's Institutional Animal Care and Use Committee and prepared by the American Association for the Accreditation of Laboratory Animal Care [Guide for the care and use of laboratory animals (DHHS publication [NIH] 86-25, revised 1985].
Mast Cell Harvest and Isolation. Rat peritoneal mast cells were purified to 95 % through a Percoll solution containing 9 ml Percoll (Pharmacia Fine Chemicals; Uppsala, Sweden), 1 ml of lox Hank's balanced salt solution without Phenol red, 0.035% NaCH03. and 0.1% bovine serum albumin (BSA) (Pentex grade; Miles, Kankakee, IL). The method represents a modification (32) ofthat described by Enerback and Svensson (13) . Briefly, lavage fluid consisting of Hank's balanced salt solution containing 0.1% bovine serum albumin (H-BSA) was recovered from the peritoneal cavities of four rats and centrifuged at 800 x g for 5 min at 4'C. Cell pellets were re-suspended in H-BSA (0.7-1.0 ml per rat). The cell suspension (0.7 ml) was mixed with 3.7 ml of the Percoll solution and then 0.5 ml of H-BSA was carefully layered on top of the Percoll solution. The gradient was centrifuged at 1500 x g for 15 min at 4'C in a swinging bucket rotor. The mast cells (and any contaminating red blood cells) were recovered from the bottom of the tube and washed twice in H-BSA at 800 x g. All procedures were done in polystyrene tubes. The cells were prepared just before their use in the stimulation experiments and were stored in suspension at 4'C in H-BSA. Cell viability was determined by mixing equal volumes of the cell suspension and 0.2% liypan Blue (Sigma; St Louis, M0)and by counting on a hemocytometer both the number of cells with a blue-stained nucleus (nonviable) and the total number of cells. All cell preparations used in chis study were >90% viable. Cell purity was determined by mixing equal volumes of the cell suspension and 0.02% Neutral Red (Sigma) and count-ing on a hemocytometer the number of mast cells stained with the vital dye and the total number of cells. All cell preparations contained >95% mast cells. The yield of pooled mast cells from four rats was 5-6 x lo6 cells.
Biochemical Determination of Histamine Content and Release from Rat Peritoneal Mast Cells. Aliquots of 2 x lo4 mast ccllslml in H-BSA were incubated at 20°C for 20 min with dilutions of sheep anti-rat IgE antiserum (ICN Biomedicals; Lisle. IL) or with a submaximal stimulating dose of compound 48/80 (1 ~lglml) (Sigma). Control cells were incubated in 5% non-immune sheep serum (Sigma) or in H-BSA. Release of histamine from rat mast cells was halted by immersing the reaction tubes containing cells (total volume 0.5-1.0 ml) in an ice bath or by diluting the aliquot in cold (8) calcium-and magnesium-free (9) medium. Cells were pellctcd at 800 rpm for 5 min at 5'C. The supernatants were decanted into plastic tubes and the pellets were re-suspended in 0.4 N perchloric acid, vortcxcd. and stored at room temperature for 1 hr. The specimen (e.g., cells, histamine standard, or supernatant) was added to distilled water and HC104 (final concentration 0.4 M) to achieve a final volume of 2 ml. vortexcd for 30 sec. and stored for 24 hr in a -70°C freezer.
Cell-or supernatant-associated histamine was measured with a modification of the manual fluorometric method of Shore et al. (43) . The cells and supernatant were separated by centrifugation in a Beckman microfugc (Beckman Instruments, model 11; Palo Alto, CA) for 30 sec, 800 x g, 4°C.
The following procedures were done in sequence: (a) the thawed mixtures were centrifuged at 2000 x g for 10 min, 20'C. to remove cell debris and adilution serieswas prepared for each sample (1:l-1:4); (b) a 1.5-ml aliquot of the supernatant was added to a new mixture containing 2.0 ml n-butanol. 0.6 g NaCI. and 0.25 ml 5 N NaOH. vortcxcd for 45 sec, and centrifuged at 2000 x g; (c) a 1.5-ml aliquot of the top phase of the mixture (histamine is extracted into this butanol phase) was added to a fresh tube containing 1.5 ml of 0.1 N NaOH that was saturated with NaCl and the mixture was vortexed gently for 30 sec; (d) 1.0 ml of the top phase of the mixture (butanol) was added to a new tube containing 1.3 ml of 0.1 N HCI and 1.9 ml N-heptane. vortexed gently to achieve a cloudy mix, and allowed to separate again into two phases; (e) 1 ml of the bottom phase (aqueous phase containing histamine) was pipettcd to a new tube containing 0.2 ml of 1 N NaOH (neutralizes pH); (f) 0.5 ml of 1% o-phthaldialdehyde in methanol (OPT, fluorescent compound; Sigma) was incubated in the tube for 4 min. 20'C (g) 0.1 ml 3 N HCI was added to the tube to stop the conjugation reaction between OFT and histamine; (h) fluorescence was measured with a fluorescence spectrophotometer at 360 nm excitation, 450 nm emission (Perkin Elmer 650-10s; Norwalk. CT). Histamine standards were run in tandem with the experimental group. The standard curve was linear for histamine concentrations between 5 nglml and 1000 nglml. The percentage of histamine released by exposure to sheep anti-rat IgE antiscrum or to compound 48/80 as expressed as the amount of histamine mcasured in the supernatant in relation to the total cell histamine (amount histamine measured in the supernatant plus the cell pellet). Histamine content is expressed in picograms per cell.
Fixation, Processing, and Embedding for Electron Microxopy. Cell suspensions were fixed either by immersion in Karnovsky's fixative (KF 2% formaldehyde, freshly prepared from paraformaldehyde, 2.5 % glutaraldehyde, 0.025% CaC12, 0.1 M sodium cacodylate buffer. pH 7.4) for 1 hr at 20°C or by fast microwave fixation in Karnovsky's fixative for 7 sec to -50°C (30.32). For the microwave fixation method, we used a houshold microwave oven (RR8B Amana, Amana, IA) with a maximum power of 750 W and a frequency of 2450 mHz. A 300-ml water load was located in the left rear corner of the unit (27). A 0.5-ml aliquot of H-BSA containing 1 x lo6 mast cells was added to 4.5 ml of KF in a 35-mm diameter polystyrene tissue culture dish (Becton Dickinson: Lincoln Park, NJ) located on the floor of the unit in a location predetermined to yield reproducible fixation (27.28). The mixture was immediately irradiated by microwave energy for 7 sec. increasing the solution temperature from 20'C to Table 1 
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~4 8°C .
After fixation, aliquots of cells in suspension were immediately diluted threefold in 0.1 M sodium cacodylate huffer, pH 7.4,4"C. and washed in sodium cacodylate buffer two times at 800 x g for 5 min at 4'C.
Cell suspensions were pelleted through molten agar in plastic microfuge tubes in a Beckman microfuge for 1 min at 1000 rpm, 20°C. gelled in a 4'C ice slurry for 30 min, trimmed to 12 mm x 0.5 cm2 blocks, and stored in 0.1 M sodium cacodylate buffer, 4'C, until further processing (30). The solidified cell pellets were post-fixed hy immersion in 2% 0.2 M symcollidine-buffered osmium tetroxide, pH 7.4, for 2 hr at 2O' C. Cell blocks were then washed three times in 0.1 M sodium maleate buffer (pH 5.2, 2O"C), stained en bloc at room temperature in 0.05 M sodium maleate buffered 2% uranyl acetate, pH 4.2, for 1 hr, washed three times in 0.1 M sodium maleate buffer, pH 5.2, dehydrated through a graded series of ethanols, and embedded in a propylene oxide-Epon sequence. Blocks were cured for 16 hr at 60'C. One-pm sections were cut on a Porter Blum manual microtome (Ivan Sorvall; Norwalk, CT), stained with filtered Giemsa diluted 1:5 in 2% sodium borate solution (alkaline stain) for 2 hr at 60"C, destained in graded alcohols, mounted on glass slides, and studied by light microscopy. Sixty-five to 90-nm sections were cut on diamond knives on an LKB IV ultramicrotome (LKB; Bromma, Sweden) and placed on nickel grids (Pelco; Tustin, CA) in preparation for immunogold labeling.
We used the morphological criteria of Hayat (19) and Glauert (15) as a guide to evaluate good preservation in our specimens. In brief, (a) the appearance of the fixed cells was similar to that of live cells viewed by light microscopy and (b) obvious structural damage, such as discontinuous or swollen membranes, was not observed by electron microscopy. Additional criteria used in the evaluation of good handling and preservation of rat mast cells included: (a) minimal disruption of the perigranular membranes; (b) close approximation of the cytoplasmic granule membrane to the granule matrix; and (c) the presence of a uniformly dense matrix in most of the granules (10,24,44).
Post-embedding Immunogold Labeling. For histamine detection, immunogold staining methods (20,29,31,32) were done as follows: 65-90-nm sections of unstimulated cells on nickel grids were floated section side down on 30-pI drops of reagents at 20°C on disposable, wettable, teflon-coated glass slides with >-mm wells (Roboz Surgical Instruments; Washington, DC). The slides were incubated on moistened filter paper in disposable plastic petri dishes (Falcon; Oxnard, CA) to prevent desiccation. The following reagents were used in sequence at 2O' C: (a) 10% sodium metaperiodate for 0, 5 , 15, 30, or 60 min to solubilize osmium and unmask antigens (6); (b) washed in 20 mh4 Tiis buffer containing 0.9% saline, 0.2% non-immune goat IgG, pH 7.6 (TBS-Ig); (c) 5% non-immune goat IgG for 20 minutes (blocking); (d) primary antibody: guinea pig anti-histamine-BSA antiserum (Peninsula Labs; Belmont, CA) or rabbit anti-histamine-BSA antiserum (Milab, Malmo, Sweden and Chemicon, El Segundo, CA) (used neat or diluted up to 1:lOO) in TBS-Ig, 0.1% Tween 20, 1% normal goat serum) for 1 hr at 2O' C or for 24 hr at 4°C; (e) washed three times, 10 minutes each, in TBS-Ig; (f) secondary 5-or 10-nm gold-conjugated goat IgG directed against guinea pig or rabbit IgG (Energy Beam Sciences, Agawam, MA, or custom made by EX Labs, San Mateo, CA) (diluted 1:20-1:80 in TBS-Ig, 0.1% Tween 20, 1% normal goat serum) for 1 hr at 20'C; (9) washed twice in TBS-Ig; and washed twice in distilled water. Membrane contrast was enhanced with 02S% lead citrate for 3 min. Labeled sections were examined in a Philips 300 electron microscope (North American Philips; Mahwah, NJ) at 60 kV.
Controls for the Demonstration of Histamine with Post-embedding Immunogold Labeling. Controls included the following alterations of the labeling sequence just described: (a) omission ofprimary antibody and (b) substitution of normal guinea pig IgG (Sigma) for the specific guinea pig anti-histamine-BSA antiserum.
The specificity of the antibody-antigen reaction was further established by doing adsorption and blocking controls. We adsorbed the guinea pig anti-histamine-BSA antiserum with histamine bound to agarose (160-320 pg/ml) (Sigma) or to agarose alone (to control for possible nonspecific binding to the agarose) for 1-3 hr at 20'C. After centrifugation in a microfuge (Beckman model 11; Palo Alto, CA) for 1 min at 1000 rpm, 20'C. the supernatant was used in place of the primary antibody in the labeling experiments. For the blocking control, purified histamine (1-100 mglml) (Sigma) was adsorbed with guinea pig anti-histamine-BSA antiserum (final dilution 1:50 in TBS-Ig-Tween) for 1 hr at 20'C and then the sections on the grids were added to the droplet for simultaneous incubation with the histamine hydrochloride and the primary antibody for 1 hr at 20'C.
Morphometric Analysis. Randomly photographed sections of rat mast cells were used. The gold partides in four to ten prints (enlarged to x 18,000 or x 20,000) containing 22-63 granules were counted for each of the following conditions: specific histamine labeling and labeling after adsorp- tion with histamine hydrochloride. histamine agarose. or agarose alone. Granule area was determined with a point-counting method using a square test grid with 3-cm spacing. The number of gold particles was calculated and expressed per vm2 of granule area. (Note: since the custom-prepared secondary gold-labeled antibody was known to contain a high percentage of uiplea, aggregates of gold wcre counted single gold particla statistical analysis was done with a modified t-test (49).
Results
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Activation labeling of granule histamine was evident in cells fixed by either method (Figures 2A and 2B) . Moreover, the density of labeling was not statistically different (pX.1) in rat mast cells fixed by either method (Table 1) . A maximum of 38 2 13 (SEM) gold particles was localized per square micrometer of granule matrix in the microwave-fixed cells (Table 1) with the guinea pig antihistamine-BSA antiserum. Gold label was occasionally seen in nuclear heterochromatin and other cytoplasmic compartments (i.e., vesicles). We were unable to detect specific labeling above background with the rabbit anti-histamine-BSA antiserum. Omission of sodium metaperiodate did not increase the efficiency of immunogold labelling. These results demonstrate the feasibility of using either rapid microwave-KF fixation or standard immersion fixation in KF for reliably localizing histamine, a low molecular weight (111 daltons), readily diffusible granule protein.
Controls, including the omission of the primary antibody (Figure 3A) or the substitution of non-immune guinea pig IgG for the primary antiserum (data not shown), exhibited greatly diminished labeling (1 gold particlel3-4 granules) compared with positive controls for histamine ( Figure 3B ). Two additional controls, adsorption ofthe primary anti-histamine-BSA antiserum with histamine hydrochloride either in solution (100 mglml) ( Figure SA ) significantly (p<0.005) reduced granule labeling compared with positive controls for histamine ( Figure 4B ). By contrast, the agarose control ( Figure 5B ) (for nonspecific binding of the hista-mine antibody to agarose) did not significantly (pX.2) diminish gold labeling of granule histamine (Table 2; Figure 5B ).
BiocbemicaL Determination of Histamine Release
We stimulated release from the isolated mast cells to show that the purification procedure did not impair the ability of these cells to respond to treatment with sheep anti-rat IgE antiserum (21,46) or compound 48/80 (46). The histamine content measured in unstimulated mast cells after harvest and isolation was 25.2 pg histaminekell (Table 3) , a value consistent with those reported previously (24, 38, 48) . Rat peritoneal mast cells incubated with normal sheep serum released 8% of their histamine content (Table 3) . Therefore, unlike the case with normal rabbit or human sera (4,47), incubation of rat peritoneal mast cells with normal sheep serum does not result in substantial histamine release. Mast cells incubated with 33 % (v/v) sheep anti-rat IgE antiserum concentration stimulated 52.6% histamine release ('liable 3). Mast cells incubated with 1 pg/ml compound 48/80 released 84% of their histamine (Table 3 ).
Discussion
We established conditions of fixation and post-embedding immunogold labeling that were appropriate for defining the subcellular localization of histamine in rat peritoneal mast cells. We found that excellent fixation could be achieved either by immersion in aldehyde or by a microwave-aldehyde method (31). The finestructural localization of histamine achieved by these approaches represents a technological advance over previous methods, for two reasons. First, cell preservation is superior to that which can be achieved with carbodiimide chemical fixation (22,23,36,37; and Login, unpublished data) or with freeze-substitution fixation (18). Image quality of membranes is particularly important for quantitative analysis (5). Second, the resolution of histamine localitation with immunogold probes (-5 nm) is approximately an order of magnitude greater than that achieved by autoradiographic approaches (3).
Rat peritoneal mast cells are exquisitely sensitive to methods of handling and fixation (10,44). However, we have found that the irradiation conditions used in our fast microwave fixation method do not cause cell damage (32). The biochemical data of Galvin and Ortner (14) show that 2.45-gHz microwave fields do not induce degranulation of rat mast cells maintained at 37°C. In our study, fast microwave fixation neither produced ultrastructural evidence of mast cell damage nor induced mast cell activation.
Histamine is a monoamine (1) that is generally thought to be bound to granule matrix proteins and/or to the heparin in rat peritoneal mast cell granule by ionic interactions (11). However, the specific binding site(s) of histamine in the mast cell granule remains controversial (38). Magnetic resonance spectroscopy data show that intragranular histamine is relatively mobile between the water and the matrix compartments (38). Nevertheless, intragranular histamine is slow to exchange with extragranular histamine in mast cells handled in balanced salt solutions (38) and is readily recovered from isolated granule preparations in which perigranular membranes remain intact after isolation (11). Moreover, aldehydes can readily react with the amino terminal of molecules such as histamine to cross-link it to protein (lJlJ9). The cross-linking of histamine to granule proteins during the process of fixation in aldehyde solutions may have facilitated the immunogold localitation of histamine in our cell preparations.
Strongly anionic residues (such as the sulfate or carboxyl groups that are present in rat peritoneal mast cell granules) may bind proteins nonspecifically through ionic interactions (34,39). However, we feel that it is unlikely that nonspecific binding of immunoglobulins to cytoplasmic granules in mast cells could explain our labeling results. First, controls with non-immune guinea pig or goat IgG did not result in significant labeling of the granules. Second, pre-incubation adsorption of the guinea pig anti-histamine-BSA antiserum with histamine-agarose significantly diminished labeling. Third, nonspecific ionic binding of colloidal gold particles to granules was not observed in control specimens in which the primary antibody was omitted. Finally, non-immunological binding is influenced to a much greater extent by antibody dilution than are specific antigen-antibody interactions (39). We observed that the background staining on the Epon outside the cells or on the cytoplasm was substantially diminished by diluting the antibody tenfold; however, the gold labeling of granule histamine was not affected to the same extent (data not shown).
The immunogold labeling density of granule-associated histamine appears low compared with that of chymase (32). However, biochemical data suggest that the cell concentrations of histamine and chymase are similar, -20-30 pg/rat mast cell (41). The fixa-tion methods that we used in the study might be less able to preserve the association of histamine (a soluble, low molecular weight amine) than chymase (an insoluble, high molecular weight protein) within the mast cell granule. Alternatively, it is possible that binding of the primary or secondary antibodies was impaired because of steric or charge interactions with constituents of the granule matrix. Additional studies are under way to systematically address questions about the quantitative differences in the labeling of granule histamine and chymase.
Chymase is a serine esterase that represents a major constituent of the rat peritoneal mast cell cytoplasmic granules (41), where it is ionically bound to negatively charged heparin proteoglycan as an insoluble complex (35,42,50,51 ). Rat mast cell chymase-heparin complexes are poorly soluble in physiological buffers and remain associated with the mast cells after the cells have been activated and have released their more soluble mediators such as histamine (42).
Because of their differences in physicochemical properties, histamine and other granule constituents exhibit significant differences in their mobility in the granule matrix. Moreover, the amounts and the charge density of granule chondroitin sulfate and heparin proteoglycans can remain unchanged while histamine is released (40). In contrast to the mast cells' proteases and proteoglycans, histamine may represent an important marker for mast cell activation. The methods presented herein may permit morphological studies of the intracellular translocation of histamine in mast cells activated to release their products in association with classical anaphylactic degranulation (7,16,25,33,40) or by vesicular transport mechanisms (reviewed in 12).
